Introduction {#s1}
============

The greenhouse whitefly, Trialeurodes vaporariorum (Westwood) (Homoptera: Aleyrodidae) is a major pest of agricultural crops and ornamental plants worldwide ([@i1536-2442-004-38-0001-webb1]; [@i1536-2442-004-38-0001-omer1]; [@i1536-2442-004-38-0001-antonious1]; [@i1536-2442-004-38-0001-orozco1]; [@i1536-2442-004-38-0001-manzano1]; [@i1536-2442-004-38-0001-ewsn1]). Overall, crops in the families Cruciferae, Leguminosae, Malvaceae and Solanaceae are mainly attacked by T. vaporariorum ([@i1536-2442-004-38-0001-byrne1]). Geraniums, the most widely cultivated ornamental potted plants in the Spanish Mediterranean area, are also seriously affected by the greenhouse whitefly ([@i1536-2442-004-38-0001-castane1], [@i1536-2442-004-38-0001-castane2]).

T. vaporariorum has been controlled primarily using various insecticides. However, according to the European Whitefly Studies Network, the greenhouse whitefly continues to be a major problem on protected crops where populations have developed high levels of insecticide resistance ([@i1536-2442-004-38-0001-ewsn1]).

Various studies have demonstrated the effectiveness of fungal pathogens for the control of T. vaporariorum and other whiteflies ([@i1536-2442-004-38-0001-hall1], [@i1536-2442-004-38-0001-hall2]; [@i1536-2442-004-38-0001-landa1]; [@i1536-2442-004-38-0001-ramakers1]; [@i1536-2442-004-38-0001-samson1]; [@i1536-2442-004-38-0001-fang1]; [@i1536-2442-004-38-0001-fransen2], [@i1536-2442-004-38-0001-fransen3]; [@i1536-2442-004-38-0001-ravensburg1]; [@i1536-2442-004-38-0001-vanderschaaf1]). Most of this research has been undertaken with Verticillium lecanii and species of Aschersonia ([@i1536-2442-004-38-0001-lacey1]).

In 1989, an isolate of Paecilomyces fumosoroseus (Wize) Brown and Smith was isolated from a mealybug in Apopka, Florida ([@i1536-2442-004-38-0001-osborne1]). [@i1536-2442-004-38-0001-smith1] tested and demonstrated that three Trinidadian strains, T, T10 and T11, of P. fumosoroseus conidia were highly virulent against nymphal instars of Bemisia tabaci. However, the efficacy of these strains against T. vaporariorum was not assessed.

A thorough knowledge of the growth, infectivity and colonization rates of entomopathogens is vital in predicting efficacy for any biocontrol spray program. In preliminary tests, blastospores of strain T11 of P. fumosoroseus exhibited faster radial growth than the Trinidadian strains T and T10 when grown in vitro ([@i1536-2442-004-38-0001-avery1]). However, this fact gives no indication of the entomopathogenic activity once the fungal blastospores, conidia or hypha come in contact with the cuticle of the target host.

Both the speed of germination and initial infection rate of entomopathogens varies among strains and is dependent on the type of spores applied in a spray program. [@i1536-2442-004-38-0001-vega1] observed that blastospores of P. fumosoroseus germinated faster than conidia of the same strain on both the silverleaf whitefly cuticle and solid media. Other studies have indicated that blastospores were as effective as conidia ([@i1536-2442-004-38-0001-kanagaratnam1]; [@i1536-2442-004-38-0001-vandenburg1]) or less virulent ([@i1536-2442-004-38-0001-bell1]; [@i1536-2442-004-38-0001-lane1]).

The development, virulence, and subsequent colonization of entomopathogens on various insect hosts may be affected by differences in photophases ([@i1536-2442-004-38-0001-hoffman1]; [@i1536-2442-004-38-0001-landa2]; [@i1536-2442-004-38-0001-feng1]). In contrast, [@i1536-2442-004-38-0001-feng2] studied the infectivity of Pandora neoaphidis to the pea aphid and found that changes in the photoperiod seemed less important than changes in temperature.

Successful development of entomopathogenic fungi as potential microbial insecticide agents requires careful assessment and selection of the most efficacious species and isolates ([@i1536-2442-004-38-0001-wraight1]; [@i1536-2442-004-38-0001-hajek1]). Laboratory bioassay procedures have played a crucial role in screening different isolates for determining the pathogenicity and efficacy of various fungal preparations against target pests prior to being tested in field trials. [@i1536-2442-004-38-0001-mier1] conducted *in vitro* pathogenicity tests on whitefly nymphs with Mexican isolates of V. lecanii using glass slides in moisture chambers. Later, [@i1536-2442-004-38-0001-landa2] used a glass-slide bioassay for comparing pathogenicity of conidia of different isolates of P. fumosoroseus (isolate PFR 97), V. lecanii, and Beauveria bassiana against early fourth-instar nymphs of greenhouse and silverleaf whitefly. They used a fungal growth development index to determine the pathogenicity and colonization of conidia on the whitefly hosts.

The present study uses a glass-slide bioassay and a fungal development index (FDI) to determine the infectivity rate for blastospores and conidia of three Trinidadian strains (T, T10 and T11) of P. fumosoroseus against late fourth-instar nymphs (sub-stage 2 or 3) of T. vaporariorum under two different photoperiods. The FDI was based on the different developmental stages of blastospores of B. bassiana ([@i1536-2442-004-38-0001-bidochka1]).

Materials and Methods {#s2}
=====================

Test insects and fungi {#s2a}
----------------------

Greenhouse whitefly fourth-instar nymphs in sub-stage 2 or 3 infesting tobacco leaves were supplied by British Crop Protection Ltd., England. The Trinidadian strains of Paecilomyces fumosoroseus were obtained from CABI BioScience, Egham, UK.

Laboratory glass-slide bioassay protocol {#s2b}
----------------------------------------

A glass-slide bioassay was used to determine the FDI for each fungal strain. Upon arrival (\< 24 hours), the whitefly-infested leaves were washed with sterile distilled water and allowed to dry in a fume hood. Nymphs were then carefully removed from the leaf surface with a probe made from a flattened hypodermic needle. Each nymph was placed in either a droplet of distilled water, a Triton X-100 solution of P. fumosoroseus blastospore or a conidial suspension on a sterile microscope slide. Similar size drops ∼2 ml per drop) of fungal treatments were placed on the slide using an inoculating loop.

The filtered blastospore and conidial suspension of the three strains of P. fumosoroseus were made up in distilled water as described by [@i1536-2442-004-38-0001-avery1]. Drops of distilled water or Triton X-100 (0.01% v/v) in solution served as the controls. The number of viable conidia for each suspension was 1.0 ± 0.06, 1.3 ± 0.08, and 1.2 ± 0.02 × 10^6^ ml^−1^ and the number of blastospores was 2.1 ± 0.19, 2.1 ± 0.07, and 1.2 ± 0.03 × 10^7^ ml^−1^ for P. fumosoroseus strain T, T10, and T11, respectively. These concentrations were not standardized as they reflect the number of viable blastospores and conidia collected from the three strains of P. fumosoroseus using a set procedure ([@i1536-2442-004-38-0001-avery1]). Within an experiment each nymph was considered as an individual replicate, and each glass slide with 7, 8, or 10 nymphs placed on it was considered as a block.

To determine the effect of a surfactant on the growth of blastospores of P. fumosoroseus, Triton X-100 (0.01% v/v) was added to the suspension and results were compared with those from testing the blastospore suspension containing no surfactant. A nymph was placed in the middle of each drop on the slide and allowed to dry in the fume hood. Nymphs placed in drops of distilled water or in Triton X-100 served as the controls. After the drops had dried, each slide was placed inside a sterile plastic Petri dish (100 × 15 mm) directly on top of potato dextrose agar (Difco, [www.voigtglobal.com/DIFCO.htm](www.voigtglobal.com/DIFCO.htm)). The agar in the Petri dishes maintained a high relative humidity (RH) at ∼100% for the duration of the assay as evidenced by condensation on the dish, however, the tops were not sealed and the RH was not measured. Each Petri dish was then placed in a growth chamber, and the assays were maintained at 25 ± 0.5 °C under either 24:0 or 16:8 hour light:dark (LD) photoperiod regime.

The fungal blastospore assay at a 24:0 hour LD regime consisted of 10 nymphs per slide (2 drops at the edge for control, 8 drops for each replicate treatment) and was repeated twice. Thus the total number of nymphs was 16 nymphs for treatment and 4 for control per experiment. The fungal blastospore assay at a 16:8 hour LD regime consisted of 8 nymphs per slide (8 drops per treatment and control) and this was repeated three times. The total number of nymphs per experiment was 24 for each treatment and control.

The conidial assay at a 24:0 hour LD photoperiod regime consisted of 24 nymphs (8 drops per treatment) repeated three times, giving a total of 24 nymphs per experiment. Control treatments for the conidial assay consisted of 23 nymphs per experiment (8, 8, and 7 nymphs per slide). The conidial assay at a 16:8 hour LD photoperiod regime consisted of 5 nymphs per slide (5 drops per treatment) repeated three times, resulting in a total of 15 nymphs per experiment. Control treatments consisted of 16 nymphs per experiment (8 nymphs per slide).

Nymphs placed on the slides were monitored for 8 days for both photoperiod regimes. Petri dishes containing the nymphs on the glass slide were placed on the stage of a light microscope (400×) and the dish cover was carefully removed to allow determination of the stage of fungal development per nymph. Experiments with blastospore and conidial treatments at the two photoperiods were conducted independently on different occasions with different cohorts of insects.

In these studies, nymphs covered with the fungus were assumed to have died from the infection due to exposure to either blastospore or conidial inoculations of P. fumosoroseus, although the mode of action for the death of insects was not addressed. Increases in mortality between treatments and controls was assumed to be due to infection by P. fumosoroseus.

Fungal development index (FDI) {#s2c}
------------------------------

The degree of fungal development for all P. fumosoroseus strains on the whitefly nymphs was assessed using the FDI [(Figures 1a--f)](#i1536-2442-004-38-0001-f101){ref-type="fig"}. All assays were rated daily until sporulation was completed [(Figure 1f)](#i1536-2442-004-38-0001-f101){ref-type="fig"} on the insect host or until eclosion of the adult had occurred. Controls were used to assess the number of adult whitefly eclosed in these assays. When being evaluated, each nymph was assessed individually under a compound light microscope (400×), and the stage of fungal development on the nymph was recorded using the FDI.

FDI values of 0.0 = no fungal growth; 0.5 = germination with one or two germ tubes, especially close to the nymph; 1.0 = initial growth of fungus towards the host [(Figures 1a--b)](#i1536-2442-004-38-0001-f101){ref-type="fig"}. FDI value 0.5 represented the beginning of the growth phase and initial viability of either the blastospore or conidia of the fungus. For FDI values 1.5--2.0, once the fungus had contacted or colonized the host this phase was irreversible and the host insect would not recover from the infection (FDI values of 1.5 = first contact between nymph and hyphae is noticed; 2.0 = growth of mycelium on the host: mycelium growth on the surface of nymph and in the area around the nymph; presence of dense mycelium was noted). Conidiogenesis was represented by FDI values 2.5--3.0 (FDI values of 2.5 = initial sporulation, first conidiospore is present on the surface of the nymph; 3.0 = sporulation completed, nymph is covered with mycelium and conidia [\[Figures 1c--f\]](#i1536-2442-004-38-0001-f101){ref-type="fig"}).

Each nymph was rated individually as a separate replicate according to the FDI and results were expressed as a mean value for nymphs in each treatment for the duration of the bioassay. Control samples were assessed at the same time. Eclosed adults were recorded for both fungal treatments and control under both photoperiod regimes. All blocks of a given treatment were counted together to determine percent of eclosed whitefly adults. Percent of eclosed adults was determined by dividing the total number eclosed by the total number of nymphs (eclosed and colonized) on all glass slides per treatment times 100.

Determining percent fungal germination {#s2d}
--------------------------------------

Percent germination was determined by viewing 100 blastospores under the compound microscope (400×) after they had been incubated for 6--8 hours on PDA plates at 25 ± 1 °C. Conidia were viewed 24 hours after incubation. Either blastospores or conidia were considered to have germinated if a germ tube had formed. This procedure was repeated at least twice and a mean was calculated for each fungal strain.

Statistical analysis {#s2e}
--------------------

In determining which fungal strain had a faster development rate using the FDI, each fourth-instar whitefly nymph was considered as an individual unit for all experiments at both a 24:0 and 16:8 hour LD photoperiod. These FDI values were then used to calculate the mean rating for the individual fungal treatments. Mean FDI values among each fungal treatment were analysed using an ANOVA (α = 0.05) to determine any differences among the treatments per day and a two-way repeated measures (RM) ANOVA (α = 0.05) was employed to determine any differences among the treatments per observation period. If the ANOVA was significant, then a Sheffé F-test (α = 0.05) was employed to identify significant differences among treatment means on a daily basis. If growth trends for strains were not found significant using the RMANOVA (α = 0.05) between experiments, means were calculated and statistically analysed as described above. The effect various strains had on the eclosure of the whitefly adults was assessed using a an ANOVA and then a two-way RMANOVA (α = 0.05) as described above. Treatments were then separated using a Fisher\'s Protected Least Significant Difference (PLSD; α = 0.10) for both photoperiods. The RMANOVA (α = 0.05) was also used to determine if photoperiod length had any effect on the rate of infection and colonization of the whitefly nymphs. All statistical tests were done using the Statview® II: Statview® SE + Graphics from Abacus Concepts software 1991.

Results {#s3}
=======

FDI for blastospore treatments on nymphs under both photoperiod regimes {#s3a}
-----------------------------------------------------------------------

The FDI values did not differ significantly when blastospores of strain T (F = 2.6; df = 1, 60; P = 0.11), T10 (F = 2.1; df = 1, 62; P = 0.15) and T11 (F = 0.4; df = 1, 61; P = 0.51) were suspended in water versus 0.01 % Triton X-100 (v/v). Therefore, the surfactant did not influence the growth of the blastospores.

FDI values for the replicate experiments per treatment showed the same trends over the 8 day observation period at 25 ± 0.5 °C under a 24:0 hour LD photoperiod (RMANOVA: F = 1.3; df = 2, 6; P = 0.27) and were therefore pooled [(Table 1)](#i1536-2442-004-38-0001-t01){ref-type="table"}. FDI values were significantly higher for blastospores of strains T (F = 13.15; df = 1, 45; P \< 0.001), T10 (F = 11.37; df = 1, 45; P = 0.0013) and T11 (F = 14.32; df = 1, 44; P \< 0.001) 3 days post-treatment under a 24:0 hour LD photoperiod, compared to a 16-hour photophase. The FDI values for strains T and T11 were significantly higher under a longer photoperiod until day 8, whereas with strain T11 the difference in FDI values was still observed on day 8 (F = 5.16; df = 1, 44; P = 0.023). The longer photophase had a significant positive effect on the colonization of the nymphs by strain T (RMANOVA: F = 18.0; df = 1, 45; P \< 0.001), T10 (RMANOVA: F = 9.94; df = 1, 45; P = 0.0025) and T11 (RMANOVA: F = 19.1; df = 1, 44; P \< 0.001) over the observation period. The interactive effect between photoperiod and colonization of the nymphs over time was also significant for strain T (RMANOVA: F = 10.1; df = 5, 225; P \< 0.001), T10 (RMANOVA: F = 16.7; df = 5, 300; P \< 0.001) and T11 (RMANOVA: F = 15.5; df = 5, 220; P \< 0.001).

Over the 24 hour photophase, the mean percentage nymphs colonized was 100%, 84%, and 84% for blastospore treatments T11, T10, and T, respectively. Percent mortality was 17% and 50% for the controls in experiments 1 and 2, respectively, however, 100% of all nymphs in all blastospore treatments were colonized by day 7 in experiment 2. The combined corrected mean mortality for blastospore treatments T11, T10 and T, was 100%, 81%, and 81%, respectively.

In the 16 hour photophase experiment, the total percentage of colonized nymphs with a FDI value of 3.0 (covered with mycelium and conidia) after 8 days post-treatment was 47%, 73%, and 79% for blastospore strains T, T10, and T11, respectively. Natural mean mortality was 7% (range 0--12%), and corrected mean mortality was 34%, 71%, and 77% for strains T, T10, and T11, respectively.

FDI for conidial treatments on nymphs under both photoperiod regimes {#s3b}
--------------------------------------------------------------------

The FDI values for the conidial treatments were similar for both photoperiods over the observation period for strain T (RMANOVA: F = 0.163; df = 1, 46; P = 0.688), T10 (RMANOVA: F = 0.166; df = 1, 46; P = 0.686) and T11 (RMANOVA: F = 2.49; df = 1, 46; P = 0.122) [(Table 2)](#i1536-2442-004-38-0001-t02){ref-type="table"}. However, after 2 days post-treatment, with strain T the FDI values were higher in the 24:0 photoperiod than in the 16:8 photoperiod (F = 6.68; df = 1, 46; P = 0.013), but by day 3 the FDI values were similar for both photoperiods. Strain T11 exposed to the 24:0 photoperiod had the same FDI values from day 2 to day 8, whereas the FDI values of the same strain exposed to the 16:8 photoperiod increased during the experimental period, so that by day 8 the FDI value was significantly greater than that for the 24:0 photoperiod (F = 9.44; df = 1, 46; P = 0.004). Over the observation period, significant interactive positive effect of photoperiod on the colonization of the whitefly nymphs was found for strains T (RMANOVA: F = 2.91; df = 4, 184; P = 0.023) and T11 (RMANOVA: F = 9.74; df = 4, 184; P \< 0.001), but not for strain T10 (RMANOVA: F = 0.39; df = 4, 184; P = 0.813).

The natural mortality for those reared under constant light was 30% (range 25--38%) and the corrected mean mortality for treatments T, T10, and T11 was 59%, 34%, and 29%, respectively. After 8 days the FDI assessment was discontinued because there were no observable changes apparent after days 7 and 8, and the maximum eclosion of adults (70%) occurred in the control treatments.

Under a 16 hour photophase, the natural mortality was 7% and the corrected mortality for treatments T, T10 and T11 was 12%, 5%, and 3%, respectively. The percentage of nymphs covered with both mycelium and conidia (FDI value of 3.0) after an 8 day period of observation was 13%, 8%, and 4% for treatments T, T10, and T11, respectively.

Eclosion of adults in blastospore treatments under both photoperiod regimes {#s3c}
---------------------------------------------------------------------------

Under constant light, whitefly adults eclosed 24 hours after being placed in a drop of water on the glass slide in the control, and eclosion continued for three more days [(Table 3)](#i1536-2442-004-38-0001-t03){ref-type="table"}. After 4 days post-treatment, no more eclosion of the whitefly adults occurred in the control. Blastospores of all three strains under constant light had a lower (one fifth to one third) number of whitefly adults eclosing compared to the control throughout the 8 day observation period (T = RMANOVA: F = 7.42; df = 1, 6; P = 0.034; T10 = RMANOVA: F = 7.29; df = 1, 6; P = 0.036; T11 = RMANOVA: F = 17.67; df = 1, 4; P = 0.006). Fungal strain T11 had the lowest percent (25%) of whitefly eclosed at the end of the observation period, compared to strain T (31%) or T10 (28%) [(Table 3)](#i1536-2442-004-38-0001-t03){ref-type="table"}.

The eclosion of whitefly adults under 16 hour photophase began four days after being placed on glass slides in drops of water incubated at 25 ± 0.5 °C at ∼100% RH and continued for a total of four more days in the control treatments [(Table 3)](#i1536-2442-004-38-0001-t03){ref-type="table"}. Although the observation period was over 8 days, no further eclosion occurred after day 6.

Over the observation period, the eclosion of whitefly adults from nymphs treated with blastospores was similar among strains under a 16 hour photophase [(Table 3)](#i1536-2442-004-38-0001-t03){ref-type="table"}. When compared to the control, the eclosion of adults was found to be lower (50%) within four days and above 75% after eight days for strains T (RMANOVA: F = 480.57; df = 1, 4; P \< 0.001), T10 (RMANOVA: F = 480.57; df = 1, 4; P \< 0.001) and T11 (RMANOVA: F = 11.96; df = 1, 4; P \< 0.001).

Eclosion of adults in conidial treatments under both photoperiod regimes {#s3d}
------------------------------------------------------------------------

Under constant light, eclosion of the whitefly adults did not begin until 3 days post-treatment and continued until day 8 in the control [(Table 4)](#i1536-2442-004-38-0001-t04){ref-type="table"}. Eclosion of adults did not begin until after day 2 and continued only two more days for strains T and T11; adults continued to eclose until day 8 for strain T10. On day 3, only strain T11 had a significantly lower (26%) percent of whitefly adults eclosing compared to the control (F = 23.6; df = 1, 4; P = 0.0083). At the end of the observation period under a 24:0 hour photoperiod, all conidial strains had a lower (24 to 40%) percent of whitefly eclosing compared to the control, but only strain T was significant (F = 5.62; df = 1, 4; P = 0.077).

Under a 16 hour photophase, eclosion of the whitefly did not start until day 4 in the control. In the conidial treatments eclosion began 1 day post-treatment for strains T and T10 and on day 4 for strain T11. Four days post-treatment, the percent eclosion was significantly lower for strain T10 (F = 10.1; df = 1, 4; P = 0.034); whereas it was lower for strain T (F = 10.1; df = 1, 4; P = 0.034) on day 6 compared to the control. This trend continued throughout the observation period for strain T and T10; whereas the eclosion rate for strain T11 was similar to the control. Eclosion of whitefly adults in conidial treatments T and T11 were similar on day 8, both being 37% lower than the control under a 16 hour photophase. Only strain T10 after 3 days post-treatment had a significantly (RMANOVA: F = 10.07; df = 1, 4; P = 0.034) lower percentage of whitefly eclosed compared to the control under a 16 hour photophase. Over the 8 days, a significant interactive positive effect of photoperiod on the colonization of whitefly nymphs was found for strain T10 (RMANOVA: F = 2.79; df = 5, 20; P = 0.045).

Overall, in comparing the conidial treatments at either photoperiod regime, the percent eclosion of the whitefly nymphs for strains T, T10, and T11 were similar, but were also lower than the controls.

Discussion {#s4}
==========

The glass slide bioassay {#s4a}
------------------------

Natural mortality (0--30%), caused by wounding the insects with the probe or other stress-related conditions, was accounted for by using [@i1536-2442-004-38-0001-abbot1]) and corrected mortality values were compared at different photoperiods. No fungal growth was observed in or on any of the nymphs placed in the control drops of 0.01 % Triton X-100 or distilled water in studies conducted under either photoperiod regime. In studies where the nymphs were incubated under a 16:8 hour LD photoperiod regime, 50% of the nymphs were found contaminated in all treatments, including the control by the saprophytic fungi, Cladosporium sp., because infested leaves were not washed prior to having nymphs removed from the leaf. However, even though the nymphs were contaminated by Cladosporium sp., the P. fumosoroseus fungal treatments progressed naturally to sporulation. Some nymphs contaminated with Cladosporium sp., either in the control or fungal treatments, progressed naturally to adult eclosion. In the control treatments, more than 90% of the adults eclosed indicating that the contamination had a minimal effect on the survival of the nymphs under these conditions. Thus, leaving some leaves unwashed allowed observation of different P. fumosoroseus strains in competition with a saprophytic fungus present on the leaf surface and insect cuticle.

FDI of greenhouse whitefly nymphs for both photoperiod regimes {#s4b}
--------------------------------------------------------------

[@i1536-2442-004-38-0001-drummond1] found after assessing the efficacy of V. lecanii (isolate A) against the greenhouse whitefly fourth-instar nymphs, that high pathogenicity was associated with its more rapid development on the host cuticle during the first 16 hours in high humidity. In glass-slide bioassay studies conducted by [@i1536-2442-004-38-0001-landa2], the limiting factor for the application of fungal isolate PFR 97 was the relative humdity. In addition, [@i1536-2442-004-38-0001-landa2] discovered that the fastest development of isolate PFR 97 occurred at 100% RH which must be maintained for at least 12 hours post-inoculation. In the present study, because the relative humidity was maintained at ∼100% for at least 12 hours, the efficacy for all Trinidadian strains of P. fumosoroseus could be compared equally using a FDI index.

When incubated under constant light and temperature with ∼100% RH, blastospores of all fungal strains had higher FDI values compared with a shorter 16:8 hour LD photoperiod. After producing Mexican isolates of P. fumosoroseus conidia in submerged culture, [@i1536-2442-004-38-0001-delatorre1] determined that light is required for, and promotes sporulation. [@i1536-2442-004-38-0001-sakamoto1] indicated that the conidiation of P. fumosoroseus growing on a culture medium at 25 °C was induced by light. [@i1536-2442-004-38-0001-gillespie1] indicated that light affects the last phase of the conidiogenesis and noted a significant increase in the production of conidia when cultures of P. fumosoroseus and V. lecanii were exposed to fluorescent light. Based on the results of our glass-slide bioassays increasing the photophase resulted in an increase in colonization of the nymphs by the blastospores of the Trinidadian strains of P. fumosoroseus.

In contrast, however, the mean FDI values for the conidial treatments would indicate that the infection and colonization of the whitefly hosts appeared not to be affected by the length of the photophase. In both photoperiod regimes, the mean FDI values for all conidial treatments never reached much above 2.0, which indicated that mycelia were only beginning to grow on some nymphs after 8 days post-inoculation. However, the conidiogenesis stage, represented by FDI values of 2.5 (2.5 = initial sporulation, first conidiospore is present near the surface of the nymph), was first recorded 3 and 4 days post-treatment under a 24 and 16 hour photophase, respectively. Under these optimum conditions (e.g., 25 °C and 100% RH), during the 8 day observation period, the maximum percent conidial development (FDI value of 3.0) with strain T at a 24 hour photophase (65%) was faster than at the 16 hour photophase (22%). However, none of the Trinidadian strains of P. fumosoroseus were as efficient in colonizing the greenhouse whitefly nymphal hosts on glass-slides as the PFR 97 isolate of P. fumosoroseus ([@i1536-2442-004-38-0001-landa2]). Under optimum conditions (e.g., 25 °C and ∼100% RH), with a 16:8 hour LD photoperiod regime, isolate PFR 97 was able to colonize the whitefly nymphs in less than 5 days post-inoculation. In our study, none of the P. fumosoroseus Trinidadian conidial treatments reached the mean FDI value of 2.5 after 8 days.

These differences in pathogenicity could be because the concentrations used in our study (2.5 × 10^5^ conidia ml^−1^) were lower than that used by [@i1536-2442-004-38-0001-landa2]; 1.0 × 10^7^ conidia ml^−1^). By increasing the dose from 1.0 × 10^5^ to 10^7^ conidia ml^−1^, the potential contact with the host would be increased. [@i1536-2442-004-38-0001-landa2] also used early fourth-instars (sub-stage 1), whereas in this study late fourth-instars (sub-stages 2 and 3) were used. Younger greenhouse whitefly larval instars are more susceptible to infection by the entomopathogen A. aleyrodis, than older instars or pupae ([@i1536-2442-004-38-0001-fransen1]). Therefore, by increasing the potential for faster colonization of the nymphs, the FDI values will be higher. Lastly, Trinidadian conidia were placed in water with no surfactant added to the droplet suspension, whereas [@i1536-2442-004-38-0001-landa2] added Tween 80 to the suspension which could have increased the contact droplets would have had with the insect host cuticle due to increased spreading. Surfactants are used to help spread spores in suspension and increase the surface area covered, thereby increasing the potential for host contact and subsequent infection on the insect cuticle. In a preliminary experiment, aggregation of conidia were observed by the author (unpublished data) in fungal suspensions without the addition of the surfactant Triton X-100. Therefore, suspending the conidia in just distilled water may have increased the probability of aggregates and thus decreased both the contact the fungal strains would have had with the host and the pathogenicity of the strains.

Eclosion of greenhouse whitefly adults for both photoperiod regimes {#s4c}
-------------------------------------------------------------------

[@i1536-2442-004-38-0001-landa2] found that greenhouse whitefly adults began eclosing 48 hours post-treatment when early fourth-instar nymphs were placed in control drops of 0.05 % Tween 80 on glass slides incubated under constant light at 25 °C with 100% RH. In our study some whitefly adults began eclosing 24 hours after being incubated under constant light in either a droplet of Triton X-100 or in distilled water. This could be because some nymphs were late fourth-instars (2nd and 3rd substages), requiring less than 48 hours for adults to eclose. Earlier eclosion of the whitefly adults could also be due to the fact that development occurred in constant light.

Treatments with blastospores of P. fumosoroseus effectively lowered the percent eclosion of the whitefly adults at both photoperiod regimes and the percent eclosion of adults for blastospore treatments was much lower than the conidial treatments. Conidial treatments were observed to be less virulent than the blastospore treatments at both light regimes, which could also account for higher percent adult eclosion.

According to our FDI results, fungal penetration of the insect cuticle (FDI value 2.0) requires about 24--36 hours at a 24 hour photophase. If the whitefly adult emerged earlier than 24 hours post-treatment, the inoculum would not have been able to penetrate the insect cuticle and therefore would result in a higher percentage of adults eclosing. The percent eclosion seems to be directly associated with the speed of infection of the P. fumosoroseus blastospore or conidial treatment and the photoperiod regime selected.

P. fumosoroseus conidia and blastospore treatments against greenhouse whitefly nymphs {#s4d}
-------------------------------------------------------------------------------------

Both germination and infection of P. fumosoroseus influence greenhouse whitefly nymphal colonization and adult eclosion. In these studies, blastospore treatments of all strains infected and colonized the whitefly nymphs faster under constant light, but FDI values at the end of 8 days was comparable at the shorter 16 hour photophase. Also, under a shorter photophase an extremely low number (0--13%) of whitefly adults eclosed which indicated that the fungal hyphae was able to germinate quickly, penetrate, infect and ultimately colonize the host due to a prolonged nymphal development and eclosion time. [@i1536-2442-004-38-0001-vega1], after assessing the germination rates of conidia and blastospores of P. fumosoroseus on the cuticle of the silverleaf whitefly cultivated on PDA and Noble agar plates, found that 4 hours after spraying more than 37% of blastospores had germinated compared to 0% for the conidia on the whitefly cuticle. In general, infection and colonization of the nymphal hosts by conidial treatments did not seem to be affected by the length of photoperiod as compared with the blastospore treatments; however higher FDI values were recorded under a 16 hour photophase.

In comparison with other hyphomycetes, except isolate PFR 97, the FDI values of the Trinidadian conidial strains were comparable to isolates of V. lecanii and B. bassiana tested against the silverleaf whitefly after 5 days on glass slides ([@i1536-2442-004-38-0001-landa2]). Overall, the colonization and sporulation processes for the blastospore treatments on the greenhouse whitefly nymphal host were observed approximately 3 and 6 days post-inoculation, respectively, which is comparable to other P. fumosoroseus isolates and hyphomycetes.

In summary, P. fumosoroseus blastospore strain T11 was shown to offer the most potential of the three Trinidadian strains against the greenhouse whitefly fourth-instar nymphs under laboratory conditions, especially under constant light. Blastospore treatments (all strains) under optimum conditions (25 °C and ∼100% RH) and a 16:8 hour LD photoperiod light regime allowed for the least eclosion and caused the most mortality (86--100%). The longer photophase had a significant positive effect on FDI for the blastospores; however, a lesser effect was observed for the conidia at either light regime.

Successful development of entomopathogenic fungi as potential microbial insecticide agents requires careful assessment and eventual appropriate selection of the most efficacious species and isolates. The data from our study indicate that this laboratory bioassay technique can play a crucial role in screening different isolates for determining the pathogenicity and efficacy of various fungal preparations to be selected against aleyrodid pests prior to being tested in field trials. This technique will allow for a sensitive and relatively rapid assay of fungal preparations for both viability and pathogenicity and can be used as a simple assessment for the commercial development of a fungal biopesticide designed for controlling T. vaporariorum or other aleyrodid pests.
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![Fungus Development Index (FDI) for Trinidadian strains of Paecilomyces fumosoroseus (Pf) on fourth-instar nymphs of Trialeurodes vaporariorum. **(a)** Nongerminated blastospores of Pf in suspension drop which surrounds nymph. FDI = 0.0 (magnification, 200×)](i1536-2442-004-38-0001-f101){#i1536-2442-004-38-0001-f101}

![Fungus Development Index (FDI) for Trinidadian strains of Paecilomyces fumosoroseus (Pf) on fourth-instar nymphs of Trialeurodes vaporariorum. **(b)** Germination of Pf blastospores with one or more germ tubes. FDI = 0.5 (magnification, 400×)](i1536-2442-004-38-0001-f102){#i1536-2442-004-38-0001-f102}

![Fungus Development Index (FDI) for Trinidadian strains of Paecilomyces fumosoroseus (Pf) on fourth-instar nymphs of Trialeurodes vaporariorum. **(c)** Initial sporulation, first conidiospore is present on the surface of the nymph and in the in area surrounding the nymph. Note the hyphal branching with conidia. FDI = 2.5 (magnification, 400×)](i1536-2442-004-38-0001-f103){#i1536-2442-004-38-0001-f103}

![Fungus Development Index (FDI) for Trinidadian strains of Paecilomyces fumosoroseus (Pf) on fourth-instar nymphs of Trialeurodes vaporariorum. **(d)** Initial fungal outgrowth from killed host. Nymph infected with Pf fungal hyphae with conidia. Red eyes are still visible. FDI = 2.5 (magnification, 100×)](i1536-2442-004-38-0001-f104){#i1536-2442-004-38-0001-f104}

![Fungus Development Index (FDI) for Trinidadian strains of Paecilomyces fumosoroseus (Pf) on fourth-instar nymphs of Trialeurodes vaporariorum. **(e)** Pf conidia developed on phailides. Note whorled branching of hyphae with conidia. Sporulation completed on at least 4 areas on nymph where conidia have developed on phailides. FDI = 3.0 (magnification, 400×)](i1536-2442-004-38-0001-f105){#i1536-2442-004-38-0001-f105}

![Fungus Development Index (FDI) for Trinidadian strains of Paecilomyces fumosoroseus (Pf) on fourth-instar nymphs of Trialeurodes vaporariorum. **(f)** Fungal outgrowth from killed host. Sporulation completed. Nymph is covered with mycelium and conidia. Note eyes and nymph are not visible. FDI = 3.0 (magnification, 50×)](i1536-2442-004-38-0001-f106){#i1536-2442-004-38-0001-f106}

###### 

Comparison of Fungal Development Index (FDI) for blastospore treatments of Paecilomyces fumosoroseus Trinidadian strains T, T10 and T11 infecting fourth-instar nymphs of Trialeurodes vaporariorum on a glass slide placed inside a PDA Petri dish plate at 25 ± 0.5 °C for 8 days with a 24:0 and 16:8 hour L:D photoperiod at ∼100% RH.
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###### 

Comparison of Fungal Development Index (FDI) for conidial treatments of Paecilomyces fumosoroseus Trinidadian strains T, T10 and T11 infecting fourth-instar nymphs of Trialeurodes vaporariorum on a glass slide placed inside a PDA Petri dish plate at 25 ± 0.5 °C for 8 days with a 24:0 and 16:8 hour L:D photoperiod at ∼100% RH.
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###### 

Effect of Paecilomyces fumosoroseus blastospore fungal treatment strains T, T10 and T11 for percent eclosion of whitefly adults from fourth-instar nymphs on a glass slide placed inside a PDA Petri dish plate at 25 ± 0.5 °C for 8 days with a 24:0 and 16:8 hour L:D photoperiod at ∼100% RH.
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###### 

Effect of Paecilomyces fumosoroseus conidial fungal treatment strains T, T10 and T11 for percent eclosion of whitefly adults from fourth-instar nymphs on a glass slide placed inside a PDA Petri dish plate at 25 ± 0.5 °C for 8 days with a 24:0 and 16:8 hour L:D photoperiod at ∼100% RH.
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